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Abstract 
Mixed crop-livestock farming systems provide food for more than half of the world’s population. 
These agricultural systems are predicted to be vulnerable to climate change and therefore require 
transformative adaptations. In collaboration with farmers in the wheatbelt of Western Australia (WA), 
a range of systemic and transformative adaptation options, e.g. land use change, were designed for the 
modelled climate change projected to occur in 2030 (0.4-1.4° increase in mean temperature). The 
effectiveness of the adaptation options was evaluated using coupled crop and livestock biophysical 
models within an economic and environmental framework at both the enterprise and farm scales. The 
relative changes in economic return and environmental variables in 2030 are presented in comparison 
with a baseline period (1970–2010). The analysis was performed on representative farm systems 
across a rainfall transect. Under the impact of projected climate change, the economic returns of the 
current farms without adaptation declined by between 2- 47%, with a few exceptions where profit 
increased by up to 4%. When the adaptations were applied for 2030, profit increased at the high 
rainfall site in the range between 78-81% through a 25% increase in the size of livestock enterprise 
and adjustment in sowing dates, but such profit increases were associated with 6-10% increase in 
greenhouse gas (GHG) emissions. At the medium rainfall site, a 100% increase in stocking rate 
resulted in 5% growth in profit but with a 61-71% increase in GHG emissions and the increased 
likelihood of soil degradation. At the relatively low rainfall site, a 75% increase in livestock when 
associated with changes in crop management resulted in greater profitability and a smaller risk of soil 
erosion. This research identified that a shift toward a greater livestock enterprises (stocking rate and 
pasture area) could be a profitable  and low-risk approach and may have most relevance in years with 
extremely low rainfall. If transformative adaptations are adopted then there will be an increased 
requirement for an emissions control policy due to livestock GHG emissions, while there would be 
also need for soil conservation strategies to be implemented during dry periods. The adoption rate 
analysis with producers suggests there would be a greater adoption rate for less intensified adaptations 
even if they are transformative. Overall the current systems would be more resilient with the 
adaptations, but there may be challenges in terms of environmental sustainability and in particular 
with soil conservation. 
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1. Introduction 
Mixed crop-livestock enterprises dominate 
agricultural systems in many parts of the world 
and provide food for more than half of the 
world’s population (Herrero et al., 2010).  In 
Australia, mixed crop-livestock farms are also 
major agricultural systems across low rainfall 
regions (Bell et al., 2014) and are important for 
their economic and social contribution to rural 
communities. The projected adverse impact of 
climate change might result in a significant 
decline in grain, wool, and meat productivity of 
Western Australian mixed-farming systems 
(Ghahramani and Moore, 2016), while 
adaptations which may offset this decline are a 
hypothesis worth testing. Australia’s primary 
industries have always performed in a highly 
variable climate with significant related 
challenges, e.g. soil water management and soil 
erosion, and this has required innovative climate 
risk management practices to be developed. 
Climate change brings with it some new 
variations on these challenges not yet accounted 
for by Australian primary producers, e.g. greater 
frequency of years with extremely low rainfall 
(Crimp et al., 2016) and a decrease in water use 
efficiencies (Ghahramani et al., 2015). Previous 
research (e.g. Ghahramani and Moore, 2013, 
2016; Lobell et al., 2008; Lesk et al., 2016; 
Vermeulen et al., 2013) has suggested that 
incremental adaptation strategies may not be 
sufficient to offset the impact of climate change 
on agricultural productivity, thus requiring 
primary industries to adopt  more systemic or 
transformative adaptations (Ghahramani and 
Moore, 2015). These include changes in the 
function or structure of current systems to sustain 
productivity and profitability under changing 
climate (Rickards and Howden 2012; Marshall et 
al., 2016). There is a likelihood that climate 
change impacts and adaptations may be different 
in mixed systems from non-mixed systems due to 
a wider variety of enterprises being present. 
Currently, there is limited previous research on 
this topic (e.g. Rigolot et al., 2017 for Africa) 
that considers climate change impacts and 
adaptations on integrated crop-livestock systems 
while also considering economic and 
environmental health. 
The interactions between crops and livestock can 
be managed to contribute to sustainable 
production and risk management, but there is a 
severe knowledge gap on these interactions 
under climate change (Thornton and Herrero, 
2014). There is also a need for an analysis of the 
impact of localised climate change on 
agricultural systems for a better understanding of 
their possible evolution in an integrated 
framework. This integration should consider 
different dimensions of sustainability e.g. 
environment, economic (Thornton and Herrero, 
2014; Thornton and Herrero, 2015).  
Western Australia, with about 7 million ha of 
land used for grain production, is a major 
contributor to the Australian agrifood sector and, 
as a result, the Australian economy (The 
Department of Agriculture and Food, 2014). 
Pastures in this state play a significant role in 
agricultural enterprises and contribute over $3 
billion annually through animal production, 
improvements to crop rotations and conserved 
fodder (The Department of Agriculture and 
Food, 2014). In addition to the practical 
importance of understanding climate change 
effects in the region, Western Australian mixed 
farming systems have characteristics that make 
them useful as a case study for a wider 
understanding of the impact of climate change on 
agriculture (Ghahramani and Moore, 2016). 
There is clear evidence of an overall decline in 
winter rainfall and increased temperatures in 
southern regions of the state over past decades 
(Bureau of Meteorology, 2016; Delworth and 
Zeng, 2014), and the issue of changing rainfall is 
particularly salient and well known to farmers 
(discussed in stakeholder workshops and has 
been personally experienced by the second 
author). In addition, as most of the agricultural 
commodities produced in Western Australia, i.e. 
wheat, barley, canola, wool, and meat are for 
international export, we can, therefore, assume 
that their market is sensitive to global 
socioeconomic factors (Ghahramani and Moore, 
2016) which are fed into AR5 emissions 
scenarios that have been used here (Stocker et 
al., 2013). 
 
In the first of this series (Ghahramani and Moore, 
2015), the impact of climate change in Western 
Australia mixed crop-livestock systems was 
evaluated. In this paper, the effectiveness of a 
range of systemic and transformative adaptation 
options have been identified and evaluated with 
producers and their advisors who were already 
familiar with climate-related issues, e.g. climate 
variability. This paper evaluates economic and 
environmental resilience and adaptive capacity of 
the current farms (Rivington et al., 2007) under 
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climate change by application of adaptation 
options. All evaluations were reported for 2030, 
relative to a historical baseline of 1970-2010 (to 
be consistent with the 5th report of 
Intergovernmental Panel on Climate Change, i.e. 
Clarke et al., 2014) across a high to low rainfall 
climate transect. This paper considers the 
effectiveness of adaptation options at multiple 
level (enterprise and farm) and against various 
criteria (profit, risk, environmental impacts, and 
GHG emissions). This provides key insights into 
the challenges associated with managing land use 
change resulting from climate change while 
evaluating a range of systematic adaptation 
options in sustaining productivity and 
profitability under such changes. 
2. Methods 
2.1 Study sites 
Three representative mixed farming systems 
were selected across a historical rainfall gradient 
of 308-431 mm (growing season rainfall during 
Apr-Oct, 1970-2010) (Fig 1). Three sites were 
chosen to represent farming systems of relatively 
high rainfall (Katanning), medium rainfall 
(Cunderdin), and relatively low rainfall systems 
(Merredin). These sites represent complex 
agroecosystems, each with different soil, 
management, and input intensities (Table 1). 
These sites are those used in Ghahramani and 
Moore (2016) which were selected and identified 
through workshops with a range of related 
stakeholders including extension and research 
officers from Department of Agriculture and 
Food Western Australia, farmers, representatives 
of farmer groups, and consultants. 
 
 2.2 Modelling & representative farming systems 
Modelling approach 
Mixed crop-livestock farms are complex systems 
which include interactions between climate and 
weather, surface and sub-surface soil, vadose 
zone, crops, pasture, animal production and 
human management with economic components. 
The climate, through weather and the timing of 
weather patterns, is one of the main factors 
because rainfall and temperature drive the 
productivity, profitability and environmental 
health of the system. Integrated models of crop-
livestock systems were constructed by linking 
the APSIM 7.7 soil water, soil nutrient cycling, 
crop and surface residue modelling components 
(Holzworth et al., 2014) to the GRAZPLAN 
pasture and ruminant simulation models 
(Donnelly et al., 2002; Moore et al., 1997) using 
the AusFarm modelling software (version 1.4.7). 
AusFarm is an agroecosystem modelling 
environment that couples APSIM and 
GRAZPLAN to model dynamic interactions 
between climate, soil, plants, and animals 
(Ghahramani and Moore, 2016).  
 
Crop-livestock system 
Components of the cropping and livestock 
enterprises were characterised through consulting 
both farmers and extension officers in producer 
workshops. Five main crops: wheat, barley, 
canola, lupin, and field pea were included in the 
models, and field pea was used as a green 
fertiliser/manure plant for the purpose of the 
modelling. Each representative site had several 
soil types, and rotation systems were allocated to 
each soil type (Table 1). Sowing of crops was 
simulated upon receipt of a rainfall threshold, i.e. 
when 5-day (Cunderdin and Katanning) or 3-day 
(Merredin) total rainfall exceeded 10 mm. 
Following Ghahramani and Moore (2016), for 
the purpose of modelling stationary systems, the 
humus and microbial biomass in the soil were 
reset to their initial levels once per rotation cycle, 
this also prevented the effect on plants from soil 
carbon build-up on productivity over a long-term 
period. Pasture and livestock management rules 
and systems inputs were decided in consultation 
with producers and extension officers, mostly in 
stakeholder workshops. A sheep enterprise of 
self-replacing ewes was included in the models 
using a Medium Wool Merino genotype. 
Management systems were described using 
flexible rules that allocated land to the different 
crop-pasture sequences and these were managed 
through the sowing and removal of the various 
crops and forage, nitrogen fertiliser (N) 
applications, the annual cycle of sheep 
reproduction, buying and selling of livestock, 
supplementary feeding and grazing management.  
 
Soil 
The majority of soils in WA, including those at 
the representative sites of this paper, have 
topsoils that are relatively low in clay and soil 
organic matter and are often constrained by sub-
soil acidity. A range of representative soil 
profiles was identified for each site using the 
APSoil database (Dalgliesh et al., 2006). It takes 
a few years to stabilise model prediction of 
yields if extractable soil water is not reset each 
year when commencing with arbitrary initial 
conditions (Ghahramani et al., 2015). Therefore, 
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simulations were conducted for 1965-2010 and 
the initial five years before 1970 were removed 
to allow equilibration of soil water.  In this paper, 
the carbon-nitrogen flow was coupled by 
modelling the organic matter cycle among plants, 
soil, and animals. Livestock could be placed in 
cropping paddocks to graze growing crops, the 
stubble residues and spilt grain after harvest 
using the same logic as for grasslands, while 
livestock excreta could return to the soil surface 
as part of the model's internal dynamics.  
 
Elevated CO2 concentration 
Elevated atmospheric carbon dioxide (eCO2) 
concentrations in 2030 are expected to affect 
plant growth rates. Therefore, in this paper 
following Ghahramani and Moore (2016), all 
projections of production and profit for 2030 
were modelled including the effects of elevated 
CO2. Both APSIM and GRAZPLAN simulate 
crop and pasture growth via radiation-use 
efficiency, transpiration efficiency and the 
critical nitrogen concentration, which are 
modified by atmospheric CO2 concentration 
using leaf-level mechanistic equations (Reyenga 
et al., 1999). In APSIM, yield has a linear 
response to eCO2 as a consequence of a 
collection of assumptions which are consistent 
with the results from FACE experiments 
undertaken with the moderate elevation of the 
atmospheric CO2 (e.g. Olesen and Bindi, 2002). 
The APSIM response functions have been 
reported to satisfactorily reproduce the effect of 
eCO2 in FACE experiments for moderately 
elevated CO2 (e.g. Asseng et al., 2004; Tubiello 
et al., 2007). Ghahramani et al. (2015) indicated 
that the modeled fertilisation effects of eCO2 for 
2030 across the Australian wheat belt are in 
agreement with experimental results, e.g. 
Tubiello et al. (2002) that have shown the 
positive response of wheat yield when water is a 
limiting factor (Chaudhuri et al., 1990; Kimball 
et al., 1995). 
 
Agroecosystem health and GHG emission 
A range of metrics was simulated to evaluate the 
effectiveness of adaptations on environmental 
health, and these included net primary 
productivity,  ground cover, the frequency of low 
ground cover (days in a year that cover is < 0.7), 
and crop water use efficiency.  
Crimp et al. (2016) reported that under climate 
and management scenarios assessed across this 
transect, pre-farm emissions remained 
unchanged, while on-farm emissions of N2Oand 
CH4 increased. In this paper emission of N2O 
from soil and CH4 from animals were simulated 
as the primary sources of GHG emission by 
using the current APSIM and GRAZPLAN 
models, respectively. Emissions of CH4 and N2O 
were converted to CO2-equivalents using 100-
year global warming potentials of 28 and 265, 
respectively (IPCC, 2014). As soils of the 
Western Australian wheatbelt are limited in soil 
organic materials (Murphy et al., 2011), losses or 
gains of soil carbon were not considered for on-
farm GHG emissions. 
 
 
Fig 1 Representative mixed farms. Numbers in 
brackets are average rainfall during 1970-2010. 
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Table 1. Summary of the adaptations used for assessment. A: annual pasture, W: wheat, B: barley, C: canola, L: lupin, P: field pea, F: long fallow, DSE: dry sheep equivalent. 
Rotations are equally distributed over the different soils types. 
Site Management Baseline Impact Alteration of the crop- Low in risk and return Medium in risk and return High in risk and return 
High 
rainfall 
cropping: fallow: pasture 0.60:0.00:0.40 baseline 0.60:0.00:0.40 0.60:0.00:0.40 0.53:0.08:0.40 0.72:0.00:0.28 
Rotation system 
 
AWCB, ACWB, AAAWC, 
AWCB, AAB 
baseline AWCB, ACWB, AAAWC, 
AAWCB, AAB 
AWCB, ACWB, AAAWC, 
AAWCB, AAB 
AWCB, AFWB, AAAWC, 
AAWCB, AAB 
AWCB, ACWB, AWAWC, 
ABWCB, AWB 
Farm area (ha) 3000 baseline No change No change No change No change 
Crop grazing Wheat, dse_days:1200.0 baseline No change No change No change No change 
Fallow policy (long) No Long fallow baseline No change No change Long fallow No change 
Stocking rate (DSE/ ha) 1.2 baseline 1.5 1.2 1.8 2.0 
Minimum stubble cover 0.6 baseline No change No change No change No change 
Maximum days on stubble 150* baseline No change No change No change No change 
N (kg/ha), top dress W:50, B:40, C:60 baseline W:50, B:40, C:60 W:45, B:36, C:52 W:60, B:48, C:72 W:50, B:40, C:60 
Cultivar 
 
Wheat: Mace, Canola: Stingray  
 
baseline Wheat: Axe, Canola: Crusher  Wheat: Axe, Canola: Crusher,  Wheat: Mace, Canola: Stingray  Wheat: Mace,Canola: Stingray  
Start of sowing window# Wheat:105, Canola:105 baseline Wheat:90, Canola:90 Wheat:90, Canola:90 Wheat:105, Canola:105 Wheat:105, Canola:105 
Pasture termination No baseline No Annul legumes, August/Sept Annul legumes, August Annul legumes, August 
Medium 
rainfall 
cropping: fallow: pasture 0.84:0.00:0.16 baseline 0.68:0.00:0.32 0.64:0.04:0.32 0.78:0.16:0.06 0.92:0.00:0.08 
Rotation system 
 
AAACW, WLWCB, WPWCB, 
ABWLW 
baseline AAAAW, WAWCB, 
WAWCB, ABWLW 
AAAAW, WAWCB, 
WAWCB, ABWFW 
AAACW, WLWCB, 
WFWCB, ABWLW 
AWACW, WLWCB, 
WPWCB, WBWLW 
Farm area (ha) 4000 baseline No change No change No change No change 
Crop grazing Wheat & Barley baseline No change No change No change No change 
Fallow policy (long) No Long fallow baseline No change Long fallow Long fallow No change 
Stocking rate (DSE/ ha) 0.5 baseline 1.0 0.5 1.0 1.0 
Minimum stubble cover 0.6 baseline No change No change No change No change 
Maximum days on stubble 150* baseline No change No change No change No change 
N (kg/ha), top dress W:40, B:30, C:60 baseline W:40, B:30, C:60 W:36, B:30, C:52 W:48, B:36, C:72 W:40, B:30, C:60 
Cultivar Wheat: Mace, Canola: Crusher baseline Wheat: Axe, Canola: Hyola42 Wheat: Axe, Canola: Hyola42 Wheat: Mace, Canola: Crusher Wheat: Mace, Canola: Crusher 
Start of sowing window Wheat:105, Canola:105 baseline Wheat:90, Canola:90 Wheat:90, Canola:90 Wheat:105, Canola:105 Wheat:105, Canola:105 
Pasture termination No baseline No Annul legumes, August Annul legumes, August Annul legumes, August 
Relatively 
low 
rainfall  
cropping: fallow: pasture 0.90:0.00:0.10 baseline 0.78:0.00:0.22 0.70:0.08:0.22 0.82:0.08:0.10 0.90:0.00:0.10 
Rotation system 
 
AAW, WWWCB, WWCWWP, 
WWCWWL, WBWBB, 
WWWC 
baseline AAA, WWWCB, 
WWCWWA, WWCWWL, 
WBWBB 
WWWA 
AAA, WWWCB, 
WWCWWA, WWCWWF, 
WBWBF, WWWA 
AAW, WWWCB, 
WWCWWP, WWCWWF, 
WBWBF, WWWC 
AAW, WWWCB, 
WWCWWP, WWCWWL, 
WBWBB, WWWC 
Farm area (ha) 5000 baseline No change No change No change No change 
Crop grazing N/a baseline No change No change No change No change 
Fallow policy (long) No Long fallow baseline No change Long fallow Long fallow No change 
Stocking rate (DSE/ ha) 0.4 baseline 0.7 0.7 0.4 1.0 
Minimum stubble cover 0.6 baseline No change No change No change No change 
Maximum days on stubble 150* baseline No change No change No change No change 
N  (kg/ha) and timing W:40 sowing, B:20  top dress, 
C:40  top dress 
baseline W:40 sowing, B:20 top dress, 
C:40  top dress 
W:36 sowing, B:18  top dress, 
C:36  top dress 
W:44 sowing, B:22  top dress, 
C:44  top dress 
W:40 sowing, B:20  top dress, 
C:40  top dress 
Cultivar Wheat: Mace, Canola: Stingray baseline Wheat: Axe, Canola: Crusher Wheat: Mace, Canola: Stingray Wheat: Mace, Canola: Stingray Wheat: Mace, Canola: Stingray 
Start of sowing window  Wheat:105, Canola:105 baseline Wheat:90, Canola:90 Wheat:105, Canola:105 Wheat:105, Canola:105 Wheat:105, Canola:105 
Pasture termination No baseline No Annul legumes, August Annul legumes, August Annul legumes, August 
Soils: High rainfall: Deep loamy duplex, shallow sandy duplex (alkaline sub soils), grey sandy duplex, saline wet soils; Medium rainfall: Gravelly sand, deep sandy, duplex, deep loamy duplex, acid yellow sand, Relatively low rainfall : Yellow deep 
sand, yellow & brown sandy earths, shallow loamy duplex/alkaline subsoils (loamy brown), gravely duplex. 
*is maximum, decreases with decline in quality of stubble with growing season rainfall. # Start of sowing window is number Julian days after January 1 
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2.3 
Simulations 
For this analysis, a simulation platform was 
developed to undertake large factorial 
simulations by using the Condor cycle-
harvesting software (Department of Computer 
Science, University of Madison–Wisconsin; 
HTTP:// research.cs.wisc.edu/htcondor).  
 
2.4 Financial calculations 
The adaptations presented here involve 
changes in land use and/or livestock numbers 
which altered the capital position of the farm 
business, and therefore whole-farm profit was 
calculated for each financial year of the 
simulations. Following the methodology 
outlined in Ghahramani and Moore (2016), 
farm gross margin was calculated for each 
year of the simulation by subtracting farm 
operating costs from farm income. A whole-
farm profit for each year was then calculated 
by subtracting the costs of labour, 
depreciation, interest and business tax from the 
gross margin. Farm income was computed by 
summing the product of the simulated sales of 
each product (grain, wool, young livestock, 
cull stock and fodder) using annually-varying 
prices. Indices of prices received by farmers 
for annual crops, wool, lamb and mutton and 
prices paid for N fertiliser were obtained from 
ABARES (ABARES, 2014). Operating costs 
for managing pastures and winter fallows were 
assumed to be fixed. Location-specific price 
and cost time series (per unit area) were 
converted to 2014–2015 dollars using the 
Consumer Price Index (Ghahramani and 
Moore, 2016). The total capital required by 
each simulated farm was calculated by 
summing the capital value of land, machinery 
and other infrastructure, and livestock. The 
average amount of capital invested in 
machinery and infrastructure was used to 
calculate the total capital invested, i.e. a 
constant rate of replacement in dollar terms 
was assumed. The capital value of sheep 
(expressed on a per- dry sheep equivalent 
basis) was calculated from the average sale 
price of livestock and an estimated dry sheep 
equivalent value for adult stock (Crimp et al., 
2016).  
 
2.5 Validations 
Simulated crop yields and livestock production 
were validated through producer workshops 
and a regional database for the period of 1996-
2013 (Ghahramani and Moore, 2016). This 
database is constructed through a biannual 
survey completed by growers about their 
planted areas and yields and the results 
averaged across each shire. The performance 
of the models of representative sites (current 
practice and under historical climate) in this 
paper against the observed data for crops is 
presented in Ghahramani and Moore (2016) 
which is the first paper of these series focused 
on the impact of climate change in Western 
Australia. The GRAZPLAN pasture 
simulation model is widely employed in 
Australia for research purposes (e.g. Alcock 
and Hegarty, 2011) and for supporting 
producer decisions (e.g. Donnelly et al., 2002). 
Pasture and livestock simulation results were 
discussed and model performance evaluated in 
producer workshops. 
 
2.6 Climate projections 
Following Ghahramani and Moore (2016), 
three plausible future climate scenarios were 
considered, based on the clustering of 
projections from 23 Global Circulation Models 
(Burgess et al., 2012). Two Representative 
Concentration Pathways (RCP) 4.5 and 8.5 
(van Vuuren et al., 2011) of high and low 
sensitivity (to allow sampling across the more 
likely range of possible future climates) were 
applied with three global climate models: 
HADGEM2-AO (Pope et al., 2000), GFDL 
CM3 (Delworth et al., 2006), and MIROC5 
(Burgess et al., 2012). The three possible 
climate scenarios of 2030 included a ‘hot and 
dry’ based on the RCP 8.5 x high sensitivity x 
GFDL CM3; a ‘hot and moderate changes in 
rainfall’ based on RCP 8.5 x high sensitivity x 
MIROC5; and a RCP 4.5 x low sensitivity x 
HADGEM2-AO considered a ‘warm with 
least changes in rainfall’. The projections of 
global climate models used at each case study 
location were statistically downscaled using 
the quantile matching method which produces 
daily weather data sequences (Burgess et al. 
2012). Atmospheric CO2 concentrations of 435 
ppm for 2030 under the RCP 4.5 and 449 ppm 
under RCP 8.5 scenarios were assumed. For 
the baseline, monthly atmospheric CO2 
concentration measured at Cape Grim station 
were used and values ranged between 335.7 
ppm and 366.5 ppm (CSIRO and Bureau of 
Meteorology, 2014). 
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2.7 Adaptation options 
Using a stakeholder-driven approach 
(Mastrandrea et al., 2010), facilitated 
stakeholder workshops were conducted during 
the life of the project to identify adaptation 
options to future climate conditions and to 
gather the information required to benchmark 
the baseline models. The ADOPT (Adoption 
and Diffusion Outcome Prediction Tool) 
decision support tool (Kuehne et al. 2014) was 
used with stakeholders to identify a suite of 
adaptation options and to examine the 
feasibility of each option based on a series of 
agreed metrics. The focus of the workshops 
was on identification and design of systemic-
to-transformational adaptations including 
changes in land use, enterprise change, or the 
adoption of combinations of incremental and 
transformative adaptation options that together 
build a systemic change (Ghahramani and 
Moore, 2015). The systemic combinations of 
incremental adaptation options were grouped 
into four packages. Within these packages, 
three management types were considered: 
cropping as principal farm business i.e. 
“cropping centred”; livestock as primary farm 
business i.e. “livestock centred and 
diversifying a cropping only systems i.e. 
“diverse cropping”.  
 
Currently an increase in the livestock 
enterprise (pasture area and/or stocking rate) is 
seen as a less risky strategy compared to the 
cropping for managing climate variability 
(Kingwell et al., 2013), and is demonstrated to 
stay a risk-avoiding enterprise under changing 
climate as well (Ghahramani and Moore, 
2016). Therefore increased land allocated to 
cropping is considered as a risky strategy that 
can result in a high financial return only in 
years when adequate rainfall occurs. Therefore 
adaptations which result in a greater cropping 
area are considered a risky reconfiguration. All 
the designed adaptation packages are 
considered systemic, while changes in land use 
and the shift between cropping and pasture can 
be transformative because they require 
significant changes in current systems. 
However, according to the terminology of 
Smit and Wandel (2006), most of the designed 
adaptation packages in this paper may be 
considered as transformative as they result in 
significant changes in the composition of the 
farming system and are a response to 
opportunities. 
In broad terms, the four adaptation packages 
developed can be described as below: 
1. Alteration of the crop-livestock balance: This 
was to increase the livestock component of 
the system by an increase in the proportion 
of pasture in the relative areas of existing 
crop-pasture sequences, and/or an increase in 
stocking rate. Shorter season grain varieties 
(more suited to later sowing) were included 
to allow grazing of cropping paddocks prior 
to seeding. 
2. Low risk and low return farming options: 
This package of choices also increases the 
area used for livestock, either by changing 
the relative areas of existing crop-pasture 
sequences or the relative length of the 
crop/pasture phases, but the package also 
included long-fallows (a single year), lower 
inputs and the adoption of more drought-
tolerant crops. 
3. Medium risk and medium return farming 
options: This package of choices included 
maintaining the cropping and livestock mix 
at levels close to the baseline, but increasing 
the rate of inputs above the current baseline 
values. This included slightly riskier crops, 
running livestock at slightly higher rates with 
greater utilisation of pasture and short 
fallows introduced into the rotation. 
4. High risk and high return farming options: 
This package of choices included increasing 
the area used for cropping well above that of 
the baseline (or equal to baseline in the low 
rainfall environment), the selection of higher 
production but less climate resilient crops 
and greater rates of fertiliser use. This 
package also includes much higher stocking 
rates as well as utilisation rates, with the use 
of short fallows and full chemical weed 
control to minimise soil water losses. 
 
3. Results 
The results of climate change impact and 
adaptations are presented along a rainfall 
gradient of relatively high growing season 
rainfall (Katanning 431mm), medium rainfall 
(Cunderdin 330mm) to relatively low rainfall 
(Merredin 308mm) locations. While the 
rainfall differences between Cunderdin and 
Merredin appear small there is usually a later 
onset to seeding rains and earlier onset of the 
growing season finish for Merredin. This 
results in later germination opportunities and 
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greater moisture stress during grain filling and 
spring growth of pasture. The results have also 
been divided into production and profitability, 
environmental health and greenhouse gas 
emission sections.  
 
3.1 Projected changes in climate relative to the 
baseline 
The ‘hot and dry’ climate change scenario (the 
most severe projected climate for 2030) had an 
increase in mean temperature in the range 
between 1.0 °C and 1.2 °C across the transect, 
with the least increase at the relatively high 
rainfall site (Table 2). The ‘warm with least 
changes in rainfall’ scenario is still predicted 
to result in a 0.5 °C increase in temperature 
across sites. Overall, there were projections for 
a warmer spring and autumn at all sites across 
the transect. There was an increase in spring 
and mid-summer rainfall projected for most 
site × climate scenarios, but reductions 
occurred in autumn and winter rainfall. 
However, in most cases, increases in monthly 
rainfall were also associated with increases in 
temperature (also explored by Ghahramani and 
Moore, 2016) and hence potentially greater 
evaporation. 
 
3.2 Effectiveness of adaptation on production 
and profit  
The effect of the adaptation packages varied 
between representative sites for different 
climate scenarios in 2030. As was expected, 
under the baseline whole farm profit decreased 
from the high rainfall site toward the relatively 
low rainfall site, and this was in a range 
between $117 and $80 per hectare (Table 3). 
Without any adaptation options being 
implemented, this profit declined under the 
impact of climate change by 2% at the high 
rainfall site, 22% at the medium rainfall site, 
and 47% at the relatively low rainfall site. 
These declines in profit were also associated 
with the decreased ground cover. However 
adaptation packages were often able to offset 
the negative impact of climate change, but 
each adaptation package that was financially 
effective over a long-term period has different 
financial risk management and environmental 
consequences. Details for each site have been 
presented below. 
3.2.1 High rainfall site 
Wheat yield increased (2% to 24%) under all 
climate scenarios for 2030 if adaptation 
packages were used, except for the adaptation 
package 1: ‘alteration of the crop-livestock 
balance’ (Table 3). Application of this 
adaptation resulted in a predicted decline in 
wheat yields across all future climates, but an 
increase in canola yields (Fig 2, Table 3). This 
suggests that the current sowing rules and 
fertiliser usage for crop production will be still 
profitable under changed climate conditions in 
a relatively high rainfall region. The ‘medium 
risk and return’ adaptation package, resulted in 
the largest increase in wheat yields but was not 
the most profitable adaptation package (Table 
3) due to greater fertiliser costs, lower canola 
yields and removal of land from production for 
fallow. 
There was an opportunity to increase stocking 
rate at this site without pressure on the pasture 
sustainability. A 10% increase in stocking rate 
was able to be sustained (without pressure on 
the ground cover) by the additional pasture 
forage produced as a result of the changes in 
climate, and the use of supplementary feeding 
of wheat crops during the autumn feed gap. 
The whole-farm profitability had almost no 
change (between -2% and +1%) across all 
three potential climate scenarios for 2030 if 
the current practices remained unchanged (Fig 
2, Table 3). The majority of the adaptation 
packages were financially effective, but the 
most effective option was number 1: ‘altering 
the crop-livestock balance’ which increased 
profitability by an average of nearly 80%. 
Gross margins of both livestock and cropping 
enterprises increased with this adaptation 
package by up to 50% and 21% respectively 
(Fig 2, Table 3). For cropping, this was largely 
related to improvements in management 
without adding costs, i.e. modification of 
sowing dates and cultivar choice. Overall, the 
adaptation packages served to increase whole-
farm profitability under future climates, ‘but 
the high risk and return’ package was the 
worst performing financially (Fig 2, Table 3). 
3.2.2 Medium rainfall 
The impact of climate change on the current 
farm systems decreased the production of 
wheat and canola (Fig 2, Table 3). The 
effectiveness of adaptations for wheat yield 
varied among the future climate scenarios 
between -11% and 16% (Table 3). Wheat 
production decreased with the implementation 
of ‘crop-livestock alteration’ package under all 
possible future climates despite optimising 
cultivar and sowing date and changes in the 
rotation systems (Table 3, Fig 2). The 
Accepted version before final edit.  
Final version: https://www.sciencedirect.com/science/article/pii/S0308521X17311022 
9 
 
‘medium risk and return’ and ‘high risk and 
return’ adaptation packages increased wheat 
yields through planting longer season varieties 
and increasing the N input rate (Table 1, 2). In 
the WA wheatbelt, barley is known to be less 
sensitive to lower rainfall (Stakeholder 
workshops), and it continued to be productive 
under climate change scenarios (Table 3). 
Although barley has exhibited a negative yield 
response to changes in temperature 
(Ghahramani and Moore, 2016), by continuing 
the current practice in the future climates 
barley yield increased between 7% and 9% 
(Table 3). This can be related to increased CO2 
levels and tolerance to winter drought.  
The livestock sale weight of the baseline 
systems declined under climate change in the 
range of between 1% and 7%. (Table 3). All 
the adaptations packages were able to increase 
the sale weight in the range between 8% and 
117%, with ‘Alteration of the crop-livestock 
balance’ proving to be the most effective (Fig 
2, Table 3).  
Climate change reduced the gross margin of 
the current practice for both cropping and 
livestock by up to 13% and 7%, respectively 
(Fig 2, Table 3). Overall, the evaluated 
adaptations were more successful in increasing 
gross margin of livestock enterprises 
compared to the cropping, and in particular 
when there was a 50% increase in stocking 
rate and pasture area (Table 3). The ‘low and 
medium risk and return’ adaptations were the 
most efficient options for improving gross 
margins of the cropping over a long-term but 
only under the least change in climate scenario 
(Table 3). The profitability of current practice 
changed in the range between -22% and 4% 
under the range of possible future climates 
(Fig 2, Table 3). Under both the severe and 
moderate climate scenarios, the adaptation 
packages were able to increase profitability 
between 5% and 20% of years (Figure 3). 
Overall, alteration of the crop-livestock 
balance had the greatest positive effect on 
whole-farm profitability (Table 3).  
 
Table 2.  Summary of the climate changes at 2030 projected under three climate change scenarios. See the text 
for a description of the three climate projections. GSR: Growing season rainfall. 
Site Site 
Baseline Climate Scenarios - changes in 2030 relative to the baseline  
1970-2010 Hot and dry  (severe climate change)  
Hot and moderate changes in 
rainfall (moderate climate change) 
Warm with least changes in rainfall 
(least climate change) 
High rainfall 
(Katanning) 
Min T 9.4 (°c) 0.9 1 0.4 
Max T 22.2 (°c) 1.2 1.2 0.5 
MeanT 15.8 (°c) 1 1.1 0.5 
GSRRainfall 456.2 (mm) -11% -9% -3% 
Medium 
rainfall 
(Cunderdin) 
Min T 11.2 (°c) 1 1.3 0.5 
Max T 25.3 (°c) 1.3 1.4 0.5 
MeanT 18.3 (°c) 1.2 1.4 0.5 
GSRRainfall 351.0 (mm) -12% -10% -3% 
Relatively 
low rainfall  
(Merredin) 
Min T 11.3 (°c) 1.1 1.2 0.5 
Max T 25.0 (°c) 1.4 1.4 0.5 
MeanT 18.1 (°c) 1.2 1.3 0.5 
GSRRainfall 326.3 (mm) -12% -8% -3% 
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Fig 2 Relative change in production and profit, environmental health, water use efficiency  (WUE), and primary 
GHG emission under “Hot and dry”  climate scenario of 2030 (RCP 8.5 x high sensitivity x GFDL CM3) 
compared to the baseline (1970-2010). CP: current practice. P1: Alteration of the crop-livestock balance, P2: 
Low risk and low return, P3: Medium risk and medium return, P4: High risk and high return. ANPP: annual net 
primary productivity. 
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3.2.3 Relatively low rainfall   
The impact of climate change on the current 
system resulted in a decline in wheat yields in 
the range between 4% and 13% (Table 3). The 
most profitable adaptation package was the 
‘medium in risk and return’ (associated with 
10% increase in N fertiliser), but none of the 
adaptation packages could offset the negative 
impact of climate change on wheat yield 
(Table 3, Fig 2). The barley yield of current 
systems declined by 2% under the ‘hot and 
dry’ potential climate of 2030 while an 
increase of between 4% and 6% was simulated 
under the least and moderate changes in 
climate respectively (Table 3). The adaptation 
packages that included changes in rotation 
systems, alternative management of other 
crops, and/or long fallows could increase 
barley yield under all climate scenarios 
projected for 2030 (Fig 2, Table 3).  
Changes in climate had only a little impact on 
animal sale weights in the current systems (Fig 
2, Table 3). All the adaptation options made a 
significant increase in livestock sale weight of 
between 29 and 99% (Fig 2, Table 3).  
The livestock gross margin for current practice 
declined by 15% under the ‘hot and dry’ 
climate of 2030 (Table 3), by 6% under 
moderate changes in climate and no changes 
under least changes in climate. The adaptation 
option of ‘high in risk and return’ which was 
associated with an increase in stocking rate 
(but not increase in the area of annual pasture) 
was effective in increasing the gross margin of 
the livestock enterprise up to 39% (Table 3). 
The profitability of the whole farm under the 
current practice declined between 9% and 47% 
under the three climate scenarios (Table 3). 
Only two adaptation packages were effective 
in improving farm profitability under the 
‘moderate’ and ‘least’ changes in climate 
(Table 3, Fig 2, 3). The ‘medium and high’ in 
risk and return adaptations were the most 
effective with profitability increases of up to 
33% under least changes in climate (Table 3). 
The relative change of farm production 
compared to the current practice varied 
seasonally among adaptation packages over 
the analysis period of 1970-2010 (Fig 2). 
Under the severe climate change projected for 
2030, long-term average wheat yield declined 
more significantly than barley (Table 3) with 
greater interannual variability (Fig 2). The 
implementation of low in risk and return 
adaptation (i.e. an increase in stocking rate and 
pasture area), not only improved long-term 
average animal sale weights compared to the 
baseline (Table 3) but also resulted in the 
smallest inter-annual variability of profitability 
compared to the other adaptations (Fig 2). At 
the relatively low rainfall site, the adaptation 
package of ‘high in risk and return’ was able 
to offset some of the negative impacts of 
climate change on profitability and provide 
potential opportunities for the majority of 
individual years if climate change was least 
(Fig 3), but was still over $170,000 less 
profitable per farm under the more severe 
climate change scenario. It was neither the 
most effective over the long-term (Table 3) 
nor in years with high profit (Fig 3), as the 
‘medium in risk and return’ was more 
effective in high-profit individual years (Fig 
3). The adaptation packages were able to 
create opportunities to produce a greater profit 
compared to the baseline if the climate change 
was least, and could offset part of the negative 
impact under severe and moderate changes in 
climate, but only in years with adequate 
rainfall (Fig 3). 
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Table 3. Performance of adaptations for climate scenarios in 2030. The historical values are average over 1970-2010 and the rest are relative changes in 2030 compared to the 
historical. CP: Current practice. P1: Alteration of the crop-livestock area, P2: Low in risk and return, P3: Medium in risk and return, P4: High in risk and return. All farm area 
is considered for the calculation of livestock gross margin per unit area as livestock feeding is also depended on cropping lands, e.g. crop grazing, stubble grazing. 
 
 Historical Hot and dry  (severe climate change) 
Hot and moderate changes in rainfall 
(moderate climate change) 
Warm with least changes in rainfall 
(least climate change) 
 Metrics CP CP P1 P2 P3 P4 CP P1 P2 P3 P4 CP P1 P2 P3 P4 
H
i
g
h
 
r
a
i
n
f
a
l
l
 
Wheat yield (tonne/ha) 2.3 0.01 -0.18 0.02 0.24 0.06 0.04 -0.21 0.01 0.24 0.06 -0.01 -0.22 0.00 0.19 0.02 
Barley yield (tonne/ha) 2.4 0.01 0.03 -0.06 0.02 -0.07 -0.04 0.02 -0.09 0.01 -0.10 0.01 0.04 -0.05 0.00 -0.10 
Canola yield (tonne/ha) 1.2 -0.03 0.12 -0.23 -0.43 -0.04 -0.02 0.13 -0.23 -0.43 -0.04 -0.01 0.15 -0.23 -0.42 -0.02 
Sold animal weight (tonne/ farm) 157 -0.17 0.02 -0.23 -0.17 -0.13 -0.18 0.04 -0.29 -0.17 -0.14 -0.06 0.08 -0.14 -0.19 -0.17 
Net primary productivity (tonne DM/ farm) 19867 -0.05 -0.05 -0.15 -0.3 -0.15 -0.05 -0.06 -0.16 -0.31 -0.17 -0.01 -0.01 -0.12 -0.32 -0.16 
Ground cover (farm average) 0.81 -0.01 -0.03 -0.04 -0.19 -0.14 -0.02 -0.03 -0.05 -0.20 -0.15 0.00 -0.01 -0.04 -0.19 -0.14 
Pasture cover 0.90 -0.01 -0.03 -0.06 -0.25 -0.20 -0.02 -0.03 -0.07 -0.26 -0.21 0.00 -0.01 -0.05 -0.25 -0.20 
Crop cover 0.75 -0.02 -0.03 -0.03 -0.14 -0.08 -0.02 -0.03 -0.04 -0.15 -0.09 0.00 -0.02 -0.03 -0.15 -0.08 
Water use efficiency-wheat (kg/ha.mm) 5.2 0.12 -0.09 0.14 0.39 0.17 0.13 -0.14 0.11 0.36 0.15 0.02 -0.2 0.03 0.23 0.04 
Water use efficiency-barley (kg/ha.mm) 5.6 0.14 0.16 0.06 0.15 0.05 0.05 0.12 0.00 0.11 0.00 0.05 0.08 -0.02 0.03 -0.07 
N2O  (t CO2-eq/farm) 227 -0.21 -0.27 -0.05 0.41 0.15 -0.13 -0.20 0.01 0.51 0.24 -0.07 -0.14 0.03 0.45 0.21 
CH4  (t CO2-eq/farm) 452 0.01 0.23 -0.16 0.28 0.33 0.02 0.23 -0.15 0.27 0.32 0.01 0.22 -0.16 0.26 0.30 
Total N2O & CH4  (t CO2-eq/farm) 679 -0.06 0.06 -0.12 0.32 0.27 -0.03 0.09 -0.10 0.35 0.29 -0.02 0.10 -0.10 0.32 0.27 
Crop gross margin ($/ farm) $553,463 -0.03 0.50 0.30 0.22 0.09 -0.01 0.48 0.28 0.21 0.08 -0.01 0.5 0.3 0.22 0.06 
Crop gross margin ($/ ha) $307 -0.03 0.50 0.34 0.39 -0.09 -0.01 0.48 0.31 0.37 -0.10 -0.01 0.50 0.31 0.38 -0.11 
Livestock gross margin  ($/ farm) $304,738 0.03 0.18 -0.19 0.04 0.05 0.04 0.20 -0.20 0.03 0.04 0.01 0.21 -0.20 -0.01 -0.01 
Livestock gross margin  ($/ ha) $102 0.03 0.18 -0.03 0.04 0.05 0.04 0.20 -0.03 0.03 0.04 0.01 0.21 -0.02 -0.01 -0.01 
Profit ($/ farm) $349,586 -0.02 0.80 0.33 0.39 0.14 0.01 0.78 0.30 0.37 0.11 0.00 0.81 0.32 0.35 0.06 
 
Profit ($/ ha) $117 -0.02 0.80 0.47 0.39 0.14 0.01 0.78 0.41 0.37 0.11 0.00 0.81 0.45 0.35 0.06 
M
e
d
i
u
m
 
r
a
i
n
f
a
l
l
 
Wheat yield (tonne/ha) 2.1 -0.06 -0.11 -0.06 0.13 0.10 -0.04 -0.09 -0.05 0.14 0.12 0.00 -0.01 0.02 0.16 0.16 
Barley yield (tonne/ha) 2.2 0.09 0.05 0.08 -0.04 0.04 0.08 0.06 0.09 -0.06 0.02 0.07 0.13 0.11 -0.14 -0.01 
Canola yield (tonne/ha) 1.2 -0.20 0.17 0.16 -0.13 -0.17 -0.17 0.21 0.18 -0.09 -0.14 -0.03 0.33 0.27 0.04 0.00 
Sold animal weight (tonne/ farm) 60 -0.07 0.82 0.09 0.37 0.31 -0.04 0.81 0.08 0.36 0.30 -0.01 1.17 0.16 0.41 0.31 
Net primary productivity (tonne DM/ farm) 24780 -0.11 -0.23 -0.27 -0.21 -0.08 -0.09 -0.22 -0.26 -0.20 -0.07 -0.01 -0.13 -0.20 -0.16 -0.01 
Ground cover (farm average.) 0.71 -0.06 -0.07 -0.13 -0.16 -0.11 -0.06 -0.07 -0.11 -0.16 -0.10 -0.01 0.00 -0.06 -0.12 -0.06 
Pasture cover 0.69 -0.02 -0.01 -0.17 -0.34 -0.19 -0.04 -0.03 -0.36 -0.20 -1.00 0.01 0.05 -0.11 -0.33 -0.15 
Crop cover 0.71 -0.07 -0.09 -0.10 -0.13 -0.11 -0.06 -0.08 -0.13 -0.10 -1.00 -0.02 -0.02 -0.03 -0.09 -0.05 
Water use efficiency-wheat (kg/ha.mm) 6.3 0.04 0.00 0.06 0.27 0.24 0.05 0.01 0.06 0.27 0.24 0.03 0.04 0.07 0.22 0.21 
Water use efficiency-barley (kg/ha.mm) 6.7 0.21 0.16 0.21 0.06 0.14 0.17 0.15 0.20 0.01 0.10 0.10 0.16 0.15 -0.12 0.02 
N2O  (t CO2-eq/farm) 69 -0.10 -0.12 0.09 0.03 -0.04 -0.03 -0.06 0.08 0.01 -1.00 -0.02 -0.01 0.17 0.09 0.00 
CH4  (t CO2-eq/farm) 180 -0.04 0.89 -0.05 0.42 0.28 -0.04 0.91 0.41 0.26 -1.00 -0.02 0.99 -0.02 0.44 0.27 
Total N2O & CH4  (t CO2-eq/farm) 249 -0.06 0.61 -0.01 0.31 0.19 -0.04 0.64 0.32 0.19 -1.00 -0.02 0.71 0.03 0.34 0.20 
Crop gross margin ($/ farm) $787,274 -0.13 -0.17 0.01 -0.06 0.04 -0.09 -0.14 0.04 -0.03 0.07 0.03 0.04 0.20 0.04 0.18 
Crop gross margin ($/ ha) $234 -0.13 0.04 0.32 0.02 -0.05 -0.09 0.06 -0.09 0.04 -0.02 0.03 0.29 0.57 0.12 0.08 
Livestock gross margin  ($/ farm) $171,578 -0.07 0.57 -0.23 0.03 0.15 -0.06 0.57 -0.22 0.01 0.13 -0.03 0.86 -0.20 0.03 0.12 
Livestock gross margin  ($/ ha) $43 -0.07 0.58 -0.23 0.03 0.15 -0.06 0.57 -0.06 0.01 0.13 -0.03 0.86 -0.20 0.03 0.12 
Profit ($/ farm) $359,268 -0.22 0.05 -0.06 -0.08 0.12 -0.15 0.10 -0.01 -0.05 0.16 0.04 0.48 0.24 0.07 0.33 
Profit ($/ ha) $90 -0.22 0.07 -0.06 -0.08 0.12 -0.15 0.10 -0.15 -0.05 0.16 0.04 0.48 0.24 0.07 0.33 
R
e
l
a
t
i
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e
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a
i
n
f
a
l
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Wheat yield (tonne/ha) 2 -0.13 -0.42 -0.19 -0.09 -0.11 -0.06 -0.38 -0.14 -0.03 -0.05 -0.04 -0.38 -0.14 0.00 -0.04 
Barley yield (tonne/ha) 2.2 -0.02 0.01 -0.20 0.00 -0.01 0.06 0.08 -0.19 0.06 0.05 0.04 0.10 -0.16 0.07 0.04 
Canola yield (tonne/ha) 1.2 -0.17 -0.15 -0.28 -0.17 -0.17 -0.08 -0.08 -0.20 -0.10 -0.11 -0.02 0.04 -0.09 -0.01 -0.02 
Sold animal weight (tonne/ farm) 58 0.00 0.88 0.84 0.29 0.69 -0.01 0.96 0.99 0.31 0.73 0.05 0.90 0.93 0.33 0.72 
Net primary productivity (tonne DM/ farm) 33690 -0.13 -0.3 -0.27 -0.13 -0.15 -0.06 -0.25 -0.22 -0.07 -0.09 -0.01 -0.18 -0.16 -0.02 -0.04 
Ground cover (farm average.) 0.79 -0.04 -0.15 -0.09 -0.08 -0.08 -0.02 -0.12 -0.08 -0.06 -0.06 0.00 -0.09 -0.03 -0.04 -0.05 
Pasture cover 0.85 -0.02 -0.11 -0.10 -0.22 -0.28 -0.01 -0.06 -0.06 -0.23 -0.28 0.00 -0.01 -0.01 -0.24 -0.31 
Crop cover 0.79 -0.05 -0.17 -0.10 -0.06 -0.05 -0.02 -0.15 -0.10 -0.04 -0.03 -0.01 -0.12 -0.05 -0.02 -0.01 
Water use efficiency-wheat (kg/ha.mm) 6.2 -0.03 -0.35 -0.10 0.01 0.00 -0.01 -0.34 -0.07 0.05 0.02 -0.01 -0.36 -0.11 0.03 0.00 
Water use efficiency-barley (kg/ha.mm) 6.9 0.08 0.11 -0.11 0.11 0.10 0.12 0.15 -0.14 0.14 0.13 0.06 0.12 -0.14 0.10 0.07 
N2O  (t CO2-eq/farm) 56 -0.31 -0.12 -0.14 -0.27 -0.28 -0.14 0.01 0.07 -0.11 -0.12 -0.08 0.03 0.14 -0.03 -0.04 
CH4  (t CO2-eq/farm) 128 -0.02 0.92 0.90 0.47 0.94 -0.01 0.98 0.95 0.50 0.98 0.00 1.04 1.01 0.52 0.96 
Total N2O & CH4  (t CO2-eq/farm) 184 -0.11 0.60 0.58 0.24 0.57 -0.05 0.68 0.68 0.31 0.65 -0.02 0.73 0.75 0.35 0.66 
Crop gross margin ($/ farm) $1,103,996 -0.21 -0.51 -0.43 -0.02 -0.18 -0.07 -0.43 -0.37 0.10 -0.07 -0.04 -0.39 -0.34 0.16 -0.03 
Crop gross margin ($/ ha) $245 -0.21 -0.43 -0.27 0.07 -0.18 -0.07 -0.34 -0.18 0.21 -0.07 -0.04 -0.29 -0.15 0.27 -0.03 
Livestock gross margin  ($/ farm) $116.996 -0.15 0.86 0.79 -0.08 0.19 -0.06 0.94 0.88 0.00 0.28 0.00 1.07 1.03 0.07 0.39 
Livestock gross margin  ($/ ha) $23 -0.15 0.86 0.79 -0.08 0.19 -0.06 0.94 0.88 0.00 0.28 0.00 1.07 1.03 0.07 0.39 
Profit ($/ farm) $400,248 -0.47 -0.73 -0.60 -0.07 -0.34 -0.15 -0.56 -0.44 0.20 -0.08 -0.09 -0.44 -0.35 0.33 0.03 
Profit ($/ ha) $80 -0.47 -0.73 -0.60 -0.07 -0.34 -0.15 -0.56 -0.44 0.20 -0.08 -0.09 -0.44 -0.35 0.33 0.03 
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Figure 3 Empirical probability of exceedance for whole farm profit, across transect and under historical and 
projected climates for 2030 and the baseline and adaptation packages. P1: Alteration of the crop-livestock 
balance, P2: Low risk and low return, P3: Medium risk and medium return, P4: High risk and high return. The 
black line is the baseline model under projected climates. The dotted black line is the baseline model of 
historical climate. The baseline case under historical climate is plotted in all figures to compare projected 
profitability with the baseline.   
 
3.3 Environmental health 
3.3.1 High rainfall 
The net primary productivity declined under 
all projected climates for 2030 and all 
adaptation packages in the range of between 
1% and 32% with the smallest decline through 
alteration of the crop-livestock balance (Table 
3, Fig 2). For the baseline simulation, the 
average ground cover was 0.81, considered a 
“healthy condition” (Lang and McCaffrey, 
1984), but under future climates, ground cover 
dropped to 0.7 considered as “transitional 
state” particularly under ‘medium and high in 
risk’ and return adaptations. The ‘medium and 
high in risk’ and return adaptations had the 
greatest negative impact on total productivity 
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and ground cover of pasture and cropping 
systems (Table 3). Water use efficiency 
increased under these adaptation packages and 
climate scenarios because the decline in yield 
is not proportional to decline in rainfall as 
genetic improvements are introduced through 
more water-efficient varieties. 
 
3.3.2 Medium rainfall 
The ‘high in risk and return’ adaptation 
package had the greatest effect in offsetting 
the negative impact of climate change on net 
primary productivity (Fig 2, Table 3). The 
adaptations were not able to offset the changes 
in ground cover under severe and moderate 
changes in climate (Table 3). According to the 
simulation results, soil erosion would be a 
heightened risk in the medium rainfall region 
as all adaptation packages resulted in ground 
cover losses well below the required threshold 
(Table 3). The frequency of low ground cover 
was increased by use of the ‘low and medium 
in risk and return’ adaptation packages (Fig 2). 
Overall water use efficiency varied between 
adaptations and increased compared to the 
baseline (Table 3), and is consistent with 
Ghahramani et al. (2015).  
 
3.3.3 Relatively low rainfall  
The net primary productivity of the whole 
farm declined under all adaptation packages 
and potential climates for 2030 in the range 
between 3% and 27% (Table 3, Fig 2). 
Similarly ground cover decreased by 3% to 
15% depending on the climate scenario and 
the adaptation package (Table 3). Under the 
‘medium and high in risk and return’ 
adaptation packages the modelled pasture 
ground cover would have fallen to 0.6 (Table 
3), which would result in a major risk of soil 
erosion. The adaptation packages of ‘altering 
crop-livestock balance’ and ‘low in risk and 
return’ resulted in changes in ground cover 
that could be acceptable only under the 
moderate and least climate change scenarios. 
Under the impact of climate change on 
existing systems, water use efficiency of wheat 
declined in the range between 1% and 3%, and 
‘alteration of the crop-livestock balance’ and 
‘low in risk and return’ adaptation packages 
exacerbated this decline in the range of 
between 7% and 36% (Table 3). The water use 
efficiency of barley in existing systems 
increased under the impact of climate change 
in a range of between 6% and 12% (Table 3). 
The ‘low in risk and return’ adaptation was 
associated with a 10% decrease in N fertiliser 
rate and a decreased water use efficiency for 
barley up to 14%, while under ‘alteration of 
the crop-livestock balance’ water use 
efficiency increased by up to 15% (Table 3). 
This suggests a requirement for N fertiliser to 
prevent any further decline in water use 
efficiency for at least barley and wheat. 
 
3.4 Groundcover 
There was a significant linear correlation 
between ground cover and the frequency of 
days in the year in which ground cover was 
less than 0.7 (Fig 4a). Thus long-term average 
ground cover can also represent the frequency 
of low ground cover. It is important to make 
the linkage between profitability and ground 
cover (long-term average and frequency of low 
days) to evaluate the likely risk of soil erosion 
(Fig 4b). Profit had a positive and linear 
correlation with the ground cover, particularly 
in medium and relatively low rainfall sites (Fig 
4b).  
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Fig 4 Relationship between ground cover and profitability (a) a linear relationship between farm frequency of 
low cover days and ground cover. (b) the relationship between long-term average farm profitability and ground 
cover, black marks represent historical climate and grey marks to the projections for 2030.  
 
3.5 GHG emission 
N2O emission 
Under the impact of climate change on 
existing farm systems with current practice, 
modelled nitrous oxide (N2O) emissions 
declined in all site x potential climate scenario 
combinations  by 21%, 10%, and 31% at high 
rainfall, medium rainfall and relatively low 
rainfall  sites respectively (Table 3), while 
annual variability differed among sites (Fig 2 
for severe climate change). At the high rainfall 
site the ‘medium and high in risk and return’ 
adaptation packages, which were associated 
with an increase in the N input rate and in the 
cropping area, resulted in an increase in N2O 
emission in the range of between 15% and 
51% compared to the baseline (Table 3, Fig 2). 
At the medium rainfall site, N2O emission 
increased (by up to 17%) under the ‘low and 
medium in risk and return’ adaptation 
packages (Table 3), and these adaptations were 
associated with increases in N input rate and 
replacement of legumes with annual pasture or 
fallow. At the relatively low rainfall site N2O 
emissions declined as a result of adopting any 
of the four adaptation packages under potential 
climates, except for the ‘alteration of the crop-
livestock balance’ and ‘low in risk and return’ 
packages and the least climate change scenario 
for 2030 (Table 3). These changes can be 
related to the interactions between projected 
climate, changes in rotation systems, and 
sowing date. In general, the current N2O 
emissions from soils in Western Australian 
farming systems are low (Barton et al., 2008), 
but the N2O emissions were predicted to 
increase as a consequence of some of the 
adaptation packages, e.g. up to 51% at the high 
rainfall site (Table 3).  
 
CH4 Emission  
 Changes in the modelled ruminant CH4 
emissions varied between -4% at the medium 
rainfall site and +1% at the relatively high 
rainfall site under the impact of climate change 
on the existing farm systems (Table 3). These 
changes related to the pasture production and 
shorter growing seasons and consequent 
effects on animal growth and sale date. Yearly 
variability of ruminant CH4 emissions was 
smallest at the highest rainfall site (Fig 2). CH4 
emissions varied as a consequence of the 
adoption of different adaptation packages, and 
as was expected those with an increase in 
stocking rate resulted in greater CH4 emissions 
in comparison with the baseline (Table 3). 
Ruminant CH4 emissions depend on the 
livestock numbers and with the changes in the 
size of livestock enterprises, ruminant CH4 
emissions were predicted to increase 
significantly across site x potential climate 
combinations (Table 3). 
 
3.6 Adoption by producers 
A range of adaptation pathways was 
investigated in the stakeholder workshop to 
quantify the adoption rate of new management 
(adaptations). The level of the adoption of new 
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management under a changing climate was 
investigated by applying mathematical 
principles (using ADOPT, Kuehne et al., 
2014) in stakeholder workshop to quantify the 
degree of adoption.  To remove locality effects 
and decrease the likely bias (because each 
mixed crop-livestock farm is a unique system 
with details varying between the farms), the 
investigation was conducted at three higher 
levels - cropping centred, livestock centred, 
and diverse cropping. The maximum adoption 
levels of the climate change adaptations were 
quantified and time to adoption was estimated 
(Fig 4c). Maximum adoption levels were 93%, 
70%, and 33% for cropping centred, livestock 
centred, and diverse cropping, respectively. 
Time to peak adoption was estimated as about 
four years for cropping centred, six years for 
livestock centred, and six years for diverse 
cropping (Fig 4c). 
 
 
 
Fig 5 Stakeholder response to adaptation (a) Modelled stakeholder response in this project for adaptability of 
changes in the current systems. Cropping centred: focus on cropping with a decline in livestock, Livestock: 
emphasis on livestock enterprises with an increase in pasture area and a decrease in cropping, diverse cropping: 
intensification in cropping systems. (b) Schematic illustration for the minimum required time to start adaptations 
(after Vermeulen et al., 2013). 
 
4. Discussion 
4.1 Selection of adaptation options 
The long-term average profitability of 
adaptation packages declined from ‘land use 
change’ and ‘low risk and return’ toward ‘high 
risk and return’ at the high rainfall site while 
this pattern was reversed for the relatively low 
rainfall site (Fig 2). This was due to an 
increased frequency of years with extremely 
low rainfall, particularly at the relatively low 
rainfall site. In the years since 2000, there has 
been a major increase in the percentage of 
farms being cropped across the low rainfall 
sites of the WA wheat belt, and this has 
coincided with six very dry years in 15 years 
with growing season rainfall in the bottom 
20% of the historical record. It would appear 
that farmers have already identified the 
‘medium risk and return’ and ‘high risk and 
return’ strategies as the appropriate response to 
increased drying, but only so long as adequate 
credit is available from banks or government 
to plant and harvest future crops after drought 
years.  
 
Across the examined transect, the projected 
change in crop yield under current practice 
was in the range between -20% (canola, 
medium rainfall site) and +9% (wheat, 
medium rainfall site) for a 1-degree increase in 
temperature (Table 3). While these values are 
different to the 5% decrease predicted for 
global production (Challinor et al., 2014), the 
negative yield values of wheat and canola 
under low rainfall and the more extreme 
climate change indicate cause for concern. On 
average, globally adapted crop yield is 
reported to be 7% greater than non-adapted 
crops (Challinor et al., 2014). In Western 
Australia, the range of adaptation effects on 
crop production reported here varied 
substantially between sites x crops x 
management (Table 3). 
The effectiveness of adaptations must be 
decided not only on the profitability of the 
systems but also on a broad range of effects on 
agroecosystem health and GHG emissions 
(e.g. Table 3). For a sustainable production, 
the preferred adaptations should be those that 
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produce the smallest GHG emissions while 
making farm systems resilient by protecting 
the natural capital of the system.  
Overall, in a high rainfall site, a 25% increase 
in stocking rate when complemented by 
adjustment of the sowing window for wheat 
and canola and cultivar choice, could result in 
the most profitable system in the longer term 
(Fig 2, Table 3). Although this option had a 
significant interannual variability of profit (Fig 
2), annual profit from this option was greater 
than the baseline in any individual year 
projected for 2030 (no single year with 
negative gain) (Fig 3). This profitable option 
had little effect in increasing on-farm GHG 
emissions (N2O and CH4) compared to an 
existing farm under historical climate (Table 
3). 
At the medium rainfall site, a 100% increase in 
stocking rate with an increase in the area of 
annual pasture could result in a greater profit 
(Table 3 and Fig 2) but the significant increase 
in GHG emissions and decreases in ground 
cover (and consequently the risk of soil 
erosion) make this adaptation less attractive. A 
greater emphasis on cropping would be a more 
sustainable management option although with 
less long-term profit.  
At the relatively low rainfall site, the 
adaptation packages of “medium in risk and 
return” and “high in risk and return” are the 
most profitable packages with small GHG 
emissions, but they might be expected to cause 
an unacceptably low ground cover level in the 
pasture (Table 3). Use of the “alteration of the 
crop-livestock” and “low in risk and return” 
packages could maintain the ground cover of 
pasture at an acceptable level but they were 
not financially effective (Table 3). An increase 
in pasture area was not an effective adaptation 
under any potential climate of the future. A 
‘medium in risk and return’ package appears 
most favourable for severe changes in climate, 
while a ‘high in risk and return’ appears best 
for the least change in the climate scenario. 
Both these adaptation packages were 
associated with an increase in stocking rate 
while maintaining the ground cover at an 
acceptable level, but they resulted in 
significant increases in GHG emissions (Table 
3).  
 
Overall, the implementation of adaptation 
packages was profitable if they were 
associated with an increase in cropping area 
and an increase in stocking rate. Application of 
the adaptations also resulted in lower inter-
annual variability across most of the simulated 
metrics. 
It is important to understand the impact of 
technological change when considering the 
choice of adaptations. Farmers in WA in the 
cropping sector rapidly change technology 
through variety choice, seeding system, 
fertiliser choice, soil amendment, guidance 
systems and pesticide choice. Future 
technological improvements which 
complement the transformative packages 
outlined here may make for even more 
resilient systems under climate change. The 
modelling packages used to develop this paper 
offer an innovative way to test these 
improvements prior to field evaluation but will 
require updating with validated field data if 
meaningful results are to be obtained. This 
presents a challenge to the strategic planners 
who seek to minimise the current and future 
impacts of climate change, as it requires a 
long-term vision to create a research 
environment in which to test the new 
technologies, many of which are imported into 
Australia. 
 
4.2 Mitigation   
Mitigation policies may affect the use of 
adaptations evaluated in this paper, and the 
implementation of the profitable adaptations 
can ‘‘buy time’’ until an effective mitigation 
response can be identified using adaptation 
analyses for the design of future mitigation 
practices (Howden et al., 2007). Trade-offs 
between economic (profitability), 
environment, GHG reduction, and social effect 
need to be considered to identify appropriate 
adaptation options (Thornton and Herrero, 
2014). However, in a real world, farmers 
undertake adaptation options if they are 
motivated by profit. They may not be strongly 
motivated toward environmental action unless 
they are either well informed or restricted by 
law.  
Maximizing farming community resilience to 
future climate risk will likely involve a mix of 
both mitigation and adaptation; the percentage 
contribution of each strategy will depend on 
economic cost/benefit analyses. It is likely that 
adaptation which leads to smaller on-farm 
GHG emissions will be implemented if there 
are enough financial benefits to encourage 
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farmers to undertake this course of action, but 
this will depend on the availability and ease of 
use of an emissions market. Currently, the 
adjustment of profitability and consideration 
of emission costs is uncertain and depends on 
future food, energy, and emission market 
prices, and government policy initiatives.  
 
4.3 Adoption by producers; Adoption capacity 
and time horizon 
The predicted negative impact of climate 
change in Western Australia suggests that 
changes to current systems are required to 
ensure their resilience in the near future. The 
required changes can be transformations that 
include changes in function or structure (Fig 2, 
3) (Marshall et al., 2016). Adaptations used in 
this paper are expected to have a high adoption 
rate with a shorter time horizon because they 
are well known to the producers. Adoption of 
a systemic combination of incremental options 
is predicted to be low if associated with 
intensification (Fig 5a). This was evidenced 
through stakeholder workshops where 
significant intensification became less 
attractive to producers, who they preferred to 
undertake the transformation in the farming 
system, e.g. shift toward either more cropping 
or livestock (Fig 5a). The evaluated 
adaptations required a relatively short time 
horizon to reach the peak point of the adoption 
(Fig 5a). It, therefore, seems likely that there 
will be sufficient time to verify the adaptations 
in the field prior to farmers making necessary 
modifications (Fig 5b), and a key focus for 
research funding bodies and the government 
should be the discovery and testing of new 
adaptations in for farming systems. From the 
research reported here, it was evident that lack 
of motivation for adaptation in system 
management is not limited to transformative 
changes. Any systemic adaptation to focus on 
livestock or cropping may have a lower 
adoption rate if adaptation is associated with 
intensification. 
 
4.5 Likely economic barriers 
In the context of Australian agriculture, when 
farmers move from incremental to 
transformational adaptation options, it is likely 
that decisions will be made based on the 
outcome of the business structure, portfolio 
management, off-farm investments and 
geographical diversification (Robertson and 
Murray-Prior, 2016). This suggests a 
requirement for exploring localised on-farm 
business and economics as applied in this 
paper. The biophysical barriers due to climate 
change, e.g. water stress, increased 
temperature reduce production, and 
profitability (Fig 2), and a small reduction in 
production can have a significant negative 
effect on the profitability of the system 
(Thamo et al., 2017). This was particularly 
obvious with the relatively low rainfall site 
where under the most severe climate change 
whole farm profit dropped significantly as the 
cropping system production dropped. Because 
farm business models usually is different 
between mixed crop and livestock systems, the 
financial barriers to climate change 
adaptations are also likely to be unique to each 
farming system. A progressive reduction in 
whole farm profit (e.g. due to climate change 
impact) may cause a decline in land value, 
return on investment, and over time lower 
farm equity. While at an industry level, the 
reduction in profit can be offset through 
merging farms (those who cannot adopt leave 
– less intensification) to make a larger farm 
(purchase or lease), the short-term need to 
increase farm size is associated with an 
additional cost that may not be an attractive 
option for all farmers. Per-hectare gross 
margins, unlike whole-farm margins, are 
reported to be generally and relatively 
insensitive to farm size (Ghahramani and 
Moore, 2016). The effects of changes in farm 
size on whole farm profit are not always 
apparent, as both positive and negative effects 
of this change on return and on investment 
have been reported (Nossal et al., 2009; Sheng 
et al., 2015). In general, farmers in Western 
Australia are prepared to accept higher levels 
of risk to achieve a profit. Farmers who make 
changes towards increasing cropping intensity 
(Fig 5a) may not be able to do it all at once 
due to the costs of machinery or other 
production inputs, particularly if they delay 
until the implication of adaptations are 
identified, or if they have insufficient access to 
credit with which to fund the change. 
 
 
4.6 Uncertainty 
Technical uncertainty related to the model's 
capability is the most commonly expected 
uncertainty in modelling climate change 
impact and adaptation (Vermeulen et al., 
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2013). To reduce this uncertainty, this paper 
has used models that have had their 
performance under moderately elevated 
atmospheric CO2 and limited water availability 
tested and proven to be consistent with the 
results from the FACE experiments 
(Ghahramani et al., 2015; Asseng et al., 2004). 
Uncertainties related to the social complexities 
of the systems were managed by using a 
capacity approach with stakeholders (e.g. 
Vermeulen et al., 2013) to design and evaluate 
adaptation options. Stakeholders in Western 
Australia are always managing their farms 
under highly variable climate and weather, and 
adaptations which are exclusively developed 
by stakeholders can be game changers, or in 
some cases lead to maladaptation (Grothmann 
and Patt, 2005). Thus, the impact of climate 
change was also considered in the design of 
adaptations packages to reduce likely bias, e.g. 
converting negatively affected crops to the 
annual pasture if livestock was more profitable 
under climate change. 
As in Ghahramani and Moore (2016), 
modelling analysis in this paper was designed 
to investigate how specific farming systems 
which are representative of good present-day 
practice would respond to adaptations under 
future climates. Here a “stationary” analysis 
was carried out (Ghahramani and Moore, 
2013; Williams et al., 2015; Ghahramani and 
Moore, 2016), in which trends in slowly 
changing variables of average prices and costs 
were removed. There are assumptions to be 
made about changes in prices in a coming 
decade. Although the Fifth Assessment Report 
of the Intergovernmental Panel on Climate 
Change indicates the sensitivity of the crop 
market to climate change, the global crop price 
for 2030 is projected to show little increase 
(Porter et al., 2014). The World Bank (2017) 
has predicted a moderate decline in the current 
global price of wheat and N fertiliser, which 
results in the ratio of N fertiliser cost to wheat 
price remaining almost stable. In the 
adaptation packages evaluated here, the only 
increase in input was N fertiliser, and in 
Australian agriculture, there is little effect 
from variations in N fertiliser cost because the 
trend in the ratio of N fertiliser cost to grain 
price has been stable (Angus, 2001). On the 
other hand, The World Bank (2017) has 
predicted an increase in meat price in 2030 
compared to 2017. Considering the expected 
increase in global demand for meat (e.g. 
Godfray et al., 2010), and a greater unit price 
in comparison to grains, an increase in land 
allocation to livestock systems could be a 
viable adaptation. Based on the projected 
commodity prices, and acknowledging that 
there is uncertainty, we do not expect the 
results in this paper to be significantly 
impacted by changes in the global market 
conditions for agricultural commodities during 
the next decade and possibly up to 2030. 
5. Conclusion 
The economic returns to farmers as a 
consequence of projected climate changes in 
2030 were variable across all the examined 
case study sites and enterprises and were often 
lower in comparison with current practice. At 
the relatively low rainfall site, the ‘medium 
risk/ medium return’ type adaptation resulted 
in better economic returns compared to the 
historical baseline with smaller year-to-year 
variabilities and could provide a better 
economic return averaged over a long period 
(20 years). The ‘alteration of the 
crop/livestock balance’ and ‘low risk/ low 
return’ adaptation options had a better 
financial performance in relatively high 
rainfall sites. The results indicated that under 
projected climates for 2030, an increase in the 
stocking rate when associated with no 
additional cost to cropping management could 
have the greatest profitability in a relatively 
high rainfall site. The adaptation package 
which includes an increase in livestock and 
pasture appears to be the better option to 
manage financial risks in this environment and 
may be most useful in years with extremely 
low rainfall. In the relatively low rainfall site, 
only an increase in stocking rate would have 
such an effect. Greenhouse gas emissions 
were, for the most part, higher under all the 
future scenarios considered and across all 
farming systems regardless of adaptation 
options employed. Therefore, consideration of 
an emission intensity control policy may be 
one measure for reducing GHGs under future 
agricultural systems. Quantifying the 
likelihood of adoption by producers indicated 
that there is time available for adopting new 
farm systems for the target year of 2030. 
Adoption will be higher if reconfiguration of 
the current system is associated with less 
intensification regardless of whether the 
adaptations are transformative or systemic. 
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According to the research presented here, there 
is the potential to sustain current productivity 
and profitability, but the most profitable 
adaptation may not be the most 
environmentally sustainable, particularly as 
soil ground cover is susceptible to loss under 
some adaptation packages. This work suggests 
that an integrated approach which includes 
economic and climate analysis, technology 
research, environmental management, and 
GHG emission management is an ongoing 
requirement in the design of adaptation of 
mixed farming system options. 
 
Acknowledgement 
The Australian Government’s Department of 
Agriculture and Water Resources, Meat & 
Livestock Australia, and Australian Wool 
Innovation funded this research through the 
Filling the Research Gap program. The authors 
acknowledge support from Geoff Kuehne, 
Andrew Moore, and Steven Crimp of CSIRO 
for their help in conducting the workshops. 
The authors acknowledge Andrew Moore for 
the provision of updated cost and prices data, 
Garry Hopwood for technical support, and 
Steven Crimp for providing comments on an 
early draft of the paper. The authors 
acknowledge valuable input from the 
Department of Agriculture and Food of 
Western Australia, the Facey and the Liebe 
groups and farmers around Merredin in 
specifying the representative farming systems. 
The authors also acknowledge valuable 
discussions with Tanya Kilminster, Caroline 
Peek, Vanessa Stewart, Jaron Leask, Jeremy 
Lemon, and other research and extension 
officers of the Department of Agriculture and 
Food of Western Australia. The authors 
acknowledge useful comments made by 
anonymous reviewers. 
 
References 
ABARES (The Australian Bureau of Agricultural 
and Resource Economics and Sciences) (2014) 
Australian Farm Surveys Report 2014 (Canberra). 
Alcock, D.J., Hegarty, R.S., 2011. Potential effects 
of animal management and genetic improvement 
on enteric methane emissions, emissions intensity 
and productivity of sheep enterprises at Cowra, 
Australia. Anim Feed Sci Tech. 166, 749-760.  
Asseng, S., Jamieson, P.D., Kimball, B., Pinter, P., 
Sayred, K., Bowden, J.W., Howden, S.M., 2004. 
Simulated wheat growth affected by rising 
temperature, increased water deficit and elevated 
atmospheric CO2. Field Crops. Res. 85, 85–102 
Bell, L.W., Moore, A.D. and Kirkegaard, J.A., 
2014. Evolution in crop–livestock integration 
systems that improve farm productivity and 
environmental performance in Australia. Eur J 
Agron, 57, pp.10-20. 
Burgess, S., Ricketts, J., Panjkov, A., Carter, J., 
Day, K., 2012. Consistent Climate Scenarios 
Project User Guide: ‘Change Factor’ and ‘Quantile-
Matching’ Based Climate Projections Data. 
Queensland Department of Science, Information 
Technology, Innovation and the Arts. 
Challinor, A.J., Watson, J., Lobell, D.B., Howden, 
S.M., Smith, D.R. and Chhetri, N., 2014. A meta-
analysis of crop yield under climate change and 
adaptation. Nat Clim Change. 4, 287-291. 
Chaudhuri, U.N., Kirkham, M.B. and Kanemasu, 
E.T., 1990. Root growth of winter wheat under 
elevated carbon dioxide and drought. Crop Sci, 30, 
853-857. 
Crimp SJ, Ghahramani A, Moore A, Ash A, 
Broadfoot K, Cashen M, Clark A, Curnock M, 
Dunstan M, Finlayson J, Graham P, Hamilton M, 
Hayman P, Hopwood G, Kokic P, Kuehne G, 
Marshall N, McClelland T, Nidumolu U, Ouzman 
J, Prestwidge D, Ricketts J, Stokes C, Sides T, 
Thomas D (2016) Evaluating transformative 
adaptation options for Australian extensive 
farming.  A Final Technical Report prepared for 
DAWR as part of the Carbon Farming Initiative, 
Filling the Research Gaps Program. 
CSIRO & Bureau of Meteorology (2014) Cape 
Grim Baseline Air Pollution Station/Australian. 
http://www.csiro.au/greenhouse-gases 
Dalgliesh, N.P., Wockner, G., Peake, A., 2006. 
Delivering soil water information to growers and 
consultants. Proceedings of the 13th Australian 
Agronomy Conference. Western Australia, 
Australian Society of Agronomy, Perth. 
Delworth, T.L., Broccoli, A.J., Rosati, A., et al., 
2006. GFDL's CM2 global coupled climate models. 
Part I: formulation and simulation characteristics. J. 
Clim. 19, 643–674. 
Delworth, T.L., Zeng, F., 2014. Regional rainfall 
decline in Australia attributed to anthropogenic 
greenhouse gases and ozone levels. Nat. Geosci. 7, 
583–587. 
Donnelly, J.R., Freer, M., Salmon, L., Moore, 
A.D., Simpson, R.J., Dove, H., et al., 2002. 
Accepted version before final edit.  
Final version: https://www.sciencedirect.com/science/article/pii/S0308521X17311022 
21 
 
Evolution of the GRAZPLAN decision support 
tools and adoption by the grazing industry in 
temperate Australia. Agr Syst. 74, 115–139. 
Ghahramani, A. and Moore, A.D., 2013. Climate 
change and broadacre livestock production across 
southern Australia. 2. Adaptation options via 
grassland management. Crop Pasture Sci. 64, 615-
630. 
Ghahramani, A. and Moore, A.D., 2015. Systemic 
adaptations to climate change in southern 
Australian grasslands and livestock: Production, 
profitability, methane emission and ecosystem 
function. Agr Syst, 133, 158-166. 
Ghahramani, A., Kokic, P.N., Moore, A.D., Zheng, 
B., Chapman, S.C., Howden, M.S. and Crimp, S.J., 
2015. The value of adapting to climate change in 
Australian wheat farm systems: farm to cross-
regional scale. Agr Ecosyst Environ. 211, 112-125. 
Ghahramani, A. and Moore, A.D., 2016. Impact of 
climate changes on existing crop-livestock farming 
systems. Agr Syst. 146, 142-155. 
Godfray, H.C.J., Beddington, J.R., Crute, I.R., 
Haddad, L., Lawrence, D., Muir, J.F., Pretty, J., 
Robinson, S., Thomas, S.M. and Toulmin, C., 
2010. Food security: the challenge of feeding 9 
billion people. Science. 327, 812-818. 
Grothmann, T. and Patt, A., 2005. Adaptive 
capacity and human cognition: the process of 
individual adaptation to climate change. Global 
Environ Change. 15, 199-213. 
Herrero, M., Thornton, P.K., Notenbaert, A.M., 
Wood, S., Msangi, S., Freeman, H.A., Bossio, D., 
Dixon, J., Peters, M., van de Steeg, J. and Lynam, 
J., 2010. Smart investments in sustainable food 
production: revisiting mixed crop-livestock 
systems. Science. 327, 822-825. 
Holzworth, D.P., Huth, N.I., Zurcher, E.J., 
Herrmann, N.I., McLean, G., Chenu, K., van 
Oosterom, E.J., Snow, V., Murphy, C., Moore, 
A.D. and Brown, H., et al, 2014. APSIM—
evolution towards a new generation of agricultural 
systems simulation. Environ Model Softw. 62, 
327–350. 
Howden, S.M., Soussana, J.F., Tubiello, F.N., 
Chhetri, N., Dunlop, M. and Meinke, H., 2007. 
Adapting agriculture to climate change. P Natl 
Acad Sci USA. 104, 19691-19696. 
IPCC, 2014: Climate Change 2014: Synthesis 
Report. Contribution of Working Groups I, II and 
III to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change [Core 
Writing Team, R.K. Pachauri and L.A. Meyer 
(eds.)]. IPCC, Geneva, Switzerland, 151 pp. 
Kimball, B.A., Pinter, P.J., Garcia, R.L., LaMorte, 
R.L., Wall, G.W., Hunsaker, D.J., Wechsung, G. 
and Wechsung, F., 1995. Productivity and water 
use of wheat under free‐air CO2 enrichment. Glob 
Change Biol. 1, 429-442. 
Kuehne G, Ouzman J, Cashen M, Crimp S, 
Ghahramani A, Hamilton M, Hayman P, 
McClelland T, Moore A. 2014. Workshops 
evaluating transformative adaptation options for 
Australian extensive farming. CSIRO, Australia. 
Lang, R.D., McCaffrey, L.A.H. 1984. Ground 
cover—its effects on soil loss from grazed runoff 
plots, Gunnedah. Journal of Soil Conservation, 
New South Wales. 40, 56–61. 
Lobell, D.B., Burke, M.B., Tebaldi C., 
Mastrandrea, M.D., Falcon W.P., Naylor, R.L. 
2008. Prioritizing climate change adaptation needs 
for food security in 2030. Science, 319, 607–610.  
Lesk, C., Rowhani, P., and Ramankutty, N. 2016. 
Influence of extreme weather disasters on global 
crop production. Nature, 529, 84-87. 
Marshall, N.A., Crimp, S., Curnock, M., Greenhill, 
M., Kuehne, G., Leviston, Z. and Ouzman, J., 
2016. Some primary producers are more likely to 
transform their agricultural practices in response to 
climate change than others. Agr Ecosyst 
Environ. 222, pp.38-47. 
Mastrandrea, M.D., Heller, N.E., Root, T.L. and 
Schneider, S.H., 2010. Bridging the gap: linking 
climate-impacts research with adaptation planning 
and management. Climatic Change, 100(1), pp.87-
101. 
Moore, A.D., Donnelly, J.R. and Freer, M., 1997. 
GRAZPLAN: decision support systems for 
Australian grazing enterprises. III. Pasture growth 
and soil moisture submodels, and the GrassGro 
DSS. Agr Syst, 55, 535-582. 
Murphy, D., Hoyle, F., Holmes, K., Wherrett, A., 
Overheu, T., Hall, D., 2011. National Soil Carbon 
Research Programme: Soil Carbon Storage in 
Western Australian Soils. A report to the Australian 
Department of Agriculture, Fisheries and Forestry. 
Nossal, K., Zhao, S., Sheng, Y., Gunasekera, D., 
2009. Productivity movements in Australian 
agriculture. Aust. Commod. Forecasts Issues. 16, 
6–216. 
Olesen, J.E., Bindi, M., 2002. Consequences of 
climate change for European agricultural 
Accepted version before final edit.  
Final version: https://www.sciencedirect.com/science/article/pii/S0308521X17311022 
22 
 
productivity, land use and policy. Eur J Agron. 16, 
239–262. 
Pope, V.D., Gallani, M.L., Rowntree, P.R., 
Stratton, R.A., 2000. The impact of new physical 
parametrizations in the Hadley Centre climate 
model: HadAM3. Clim Dyn. 16, 123–146. 
Porter J.R., Xie L., Challinor A.J., Cochrane K., 
Howden S.M., Iqbal M.M. , Lobell D.B., Travasso 
M.I., 2014. Working Group II. Climate Change 
Impacts and Adaptation, Intergovernmental Panel 
on Climate Change Chapter 7, Food Security and 
Food Production Systems. Cambridge University 
Press 
Reyenga, P.J., Howden, S.M.,Meinke, H.,McKeon, 
G.M., 1999.Modelling global change impacts on 
wheat cropping in south-east Queensland, 
Australia. Environ. Model. Softw. 14, 297–306. 
Rickards, L. and Howden, S.M., 2012. 
Transformational adaptation: agriculture and 
climate change. Crop Pasture Sci. 63, 240-250. 
Rivington, M., Matthews, K.B., Bellocchi, G., 
Buchan, K., Stöckle, C.O. and Donatelli, M., 2007. 
An integrated assessment approach to conduct 
analyses of climate change impacts on whole-farm 
systems. Environ Model Softw. 22, 202-210. 
Robertson, M. and Murray-Prior, R., 2016. Five 
reasons why it is difficult to talk to Australian 
farmers about the impacts of, and their adaptation 
to, climate change. Reg Environ Change. 16, 189-
198. 
Sheng, Y., Zhao, S., Nossal, K., Zhang, D., 2015. 
Productivity and farm size in Australian 
agriculture: reinvestigating the returns to scale. 
Aust. J. Agr. Resour. ec. 59, 16–38. 
Smit, B. and Wandel, J., 2006. Adaptation, 
adaptive capacity and vulnerability. Global Environ 
Chang, 16, 282-292. 
Stocker, T.F., Qin, D., Plattner, G.-K., Alexander, 
L.V., Allen, S.K., Bindoff, N.L., Bréon, F.-M., et 
al., 2013. In: Stocker, T.F., Qin, D., Plattner, G.-K., 
Tignor, M., Allen, S.K., Boschung, J., Nauels, A., 
Xia, Y., Bex, V., Midgley, P.M. (Eds.), Technical 
Summary. In: Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to 
the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, pp. 33–115. 
Taylor, K.E., Stouffer, R.J.,Meehl, G.A., 2012. An 
overview of CMIP5 and the experiment design. 
Bull Am Meteorol Soc. 93, 485–498. 
Thamo, T., Addai, D., Pannell, D.J., Robertson, 
M.J., Thomas, D.T. and Young, J.M., 2017. 
Climate change impacts and farm-level adaptation: 
Economic analysis of a mixed cropping–livestock 
system. Agr Syst. 150, 99-108. 
Thornton, P.K. and Herrero, M., 2014. Climate 
change adaptation in mixed crop–livestock systems 
in developing countries. Glob Food Secur. 3, 99-
107. 
Thornton, P.K. and Herrero, M., 2015. Adapting to 
climate change in the mixed crop and livestock 
farming systems in sub-Saharan Africa. Nat Clim 
Change. 5, 830-836. 
Tubiello, F.N., Rosenzweig, C., Goldberg, R.A., 
Jagtap, S. and Jones, J.W., 2002. Effects of climate 
change on US crop production: simulation results 
using two different GCM scenarios. Part I: wheat, 
potato, maize, and citrus. Clim Res. 20, 259-270. 
Tubiello, F.N., Soussana, J.F., Howden, S.M., 
2007. Crop and pasture response to climate change. 
P. Natl. Acad. Sci. USA 104, 19686–19690. 
Van Vuuren, D.P., Edmonds, J., Kainuma, M., 
Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.C., 
Kram, T., Krey, V., Lamarque, J.F. and Masui, T., 
2011. The representative concentration pathways: 
an overview. Climatic change, 109(1-2), p.5. 
Vermeulen, S.J., Challinor, A.J., Thornton, P.K., 
Campbell, B.M., Eriyagama, N., Vervoort, J.M., 
Kinyangi, J., Jarvis, A., Läderach, P., Ramirez-
Villegas, J. and Nicklin, K.J., 2013. Addressing 
uncertainty in adaptation planning for agriculture. P 
Natl Acad Sci USA, 110(21), pp.8357-8362. 
World Bank (2017) World Bank Commodities 
Price Forecast. 
http://pubdocs.worldbank.org/en/92611148518887
3241/CMO-January-2017-Forecasts.pdf 
Rigolot, C., De Voil, P., Douxchamps, S., 
Prestwidge, D., Van Wijk, M., Thornton, P.K., 
Rodriguez, D., Henderson, B., Medina, D. and 
Herrero, M., 2017. Interactions between 
intervention packages, climatic risk, climate change 
and food security in mixed crop–livestock systems 
in Burkina Faso. Agr Syst. 151, 217-224. 
View publication stats
